Introduction using dual patch-clamp techniques in synaptically coupled pairs of CA1 interneurons and pyramidal neurons Neuronal circuits are constructed of excitatory and inhibitory neurons and synapses. Signals are conducted from hippocampal slices. We found a novel KAR-mediated increase in the efficacy of GABAergic synapses by excitatory transmission and controlled by inhibitory synaptic inputs. In the central nervous system, glutathat could be induced by basal glutamate, stimulation of the stratum radiatum, glutamate uptake inhibitors, or matergic synapses conduct major excitatory inputs and GABAergic synapses conduct inhibitory inputs (Fonlow concentrations of KAR agonists. num, 1984; Hollmann and Heinemann, 1994; Thompson, 1994) . A balance between the excitatory and inhibitory Results inputs is critical for a neuronal circuit to be functional. Classically, excitatory to inhibitory synaptic circuits, High-and Low-P s GABAergic Synapses with both feedback and feedforward inhibitions (Kandel Interneurons in the stratum radiatum close to the pyraet al., 1961; Alger and Nicoll, 1982), have been proposed midal layer and pyramidal neurons in the CA1 pyramidal to maintain this balance. However, recent studies suglayer were patched in the whole-cell current-clamp and gest that astrocytic release of glutamate can modulate voltage-clamp configurations, respectively. The identifiinhibitory transmission (Kang et al., 1998; Araque et al., cation criteria for cell types under differential inference 1998). As a result, spillover of glutamate from excitatory contrast (DIC) optics were similar to those previously synapses may modulate the efficacy of nearby inhibitory described (Kang et al., 1998). Interneuronal APs were synapses. Although the molecular biology and biophystriggered by depolarization pulses (0.1 Hz) delivered to ics of KAR subunits have been broadly studied (rethe patched interneuron, and interneuronal AP-evoked viewed by Hollmann and Heinemann, 1994) line (30 M, ten pairs). An evoked uIPSC was defined uIPSCs were noted among pairs and there was no statistical difference between the two groups (p ϭ 0.91, n ϭ as a downward current with a decay Ͼ20 ms and an amplitude Ն10 pA starting within the mean latency (for 15 fast uIPSC pairs for each group). a given pair) Ϯ2 SD, where SD for fast-rising uIPSCs was 0.2 ms and for slow-rising uIPSCs was 1.1 ms (Jiang
KAR Agonists Potentiate GABAergic Synapses
To examine whether an increase in extracellular glutaet al., 2000). Fast uIPSCs are produced from perisomatic synapses, whereas slow uIPSCs may be primarily promate can potentiate inhibitory transmission, we perfused slices with low concentrations of KA (300 nM) in duced from dendritic synapses (Major et amino-5-phosphonopentanoic acid (AP-5, 50 M). SYM 2206 and AP-5 were used in all following experiments To examine whether the stimulated interneurons were electrically coupled to other interneurons, we applied with KA. We found that low concentrations of KA induced spontaneous firing in 54% (7/13) of the patched voltage steps to the stimulated interneurons and recorded membrane potential changes in other interneurinterneurons ( Figure 1A , Int, sAP) but caused an increase in the frequency of sIPSCs in 100% (13/13) of the pyramions in the stratum radiatum (n ϭ 38), the molecular layer (n ϭ20) or the stratum orient (n ϭ 22). Membrane dal neurons ( Figure 1A , Pyr). In a representative low-P s pair, successful uIPSCs for evoked interneuronal APs potential changes were only found in 2 of 80 interneurons during voltage steps in the stimulated interneurons, ( Figure 1A , eAP) increased immediately following perfusion of KA into the recording chamber ( Figure 1A2 , suggesting that unlike interneurons in the neocortex (Galarreta and Hestrin, 1999; Gibson et al., 1999), the arrows). The occurrence of spontaneous firing in the patched interneuron ( Figure 1A , sAP) later than the ininterneurons used in this study were rarely electrically coupled to other interneurons. Depending upon the P s , crease in the P s of uIPSCs might result from the perfusion time for reaching the final concentration of KA in the inhibitory synapses could be divided into two subgroups, "high-P s " and "low-P s ". The distribution histochamber. In this representative pair, when the interneuron was spontaneously firing, a group of large gram of the P s from 71 cell pairs (at room temperature) shows that there are clearly two separate subgroups sIPSCs was evoked by spontaneous APs in the pyramidal neuron ( Figure 1A3 ). Spontaneous APs evoked ( Figure 1A, left bottom) . Thirty-three cell pairs were categorized as low-P s (P s Ͻ 0.5) with an average P s of 0.27 Ϯ uIPSCs with a P s (0.92 for this pair) similar to that for eAPs (0.9 for this pair). KA also induced an increase in 0.02 ( Figure 1A , open bar), and the remaining 38 high-P s pairs ( Figure 1A , solid bar, P s Ͼ 0.6) had an average noncoupling sIPSCs, but with a relatively smaller amplitude ( Figure 1A3 ). This result suggests that some pyra-P s of 0.91 Ϯ 0.01. In both high-and low-P s groups, large variations in the average amplitude of successful midal neurons may receive large somatic GABAergic (Figures 5A and 5B2 ). In all four tested low-P s pairs, effect ( Figure 5B2 ) was shorter than that induced by KAR agonists (Figure 1B) , suggesting that the re-uptake sysmore than ten trains were required for inducing the response. When slices were perfused with CNQX (20 M), tem was working. Regulation of GABAergic synapses by ambient glutathe same stimulation could not induce the increase in successful uIPSCs (Figures 5A-5C3) . After washing out mate may be temperature dependent because both glutamate release and re-uptake are temperature depen-CNQX, the response recovered ( Figures 5A and 5B4 ). 1C, 1B, and 7B) . The mechanisms underlying this long duration of the effects are Extracellular glutamate that potentiates GABAergic synnot yet known. One assumption is that KAR-mediated apses can come from several sources. A primary source Na ϩ influx may activate other long-lasting conductance is via diffusion from nearby excitatory synapses. Al- (Liu et al., 1998 ) that slightly depolarizes terminals and though extracellular glutamate is highly regulated by facilitates release by increasing the AP duration (Qian transport into both glia and neurons (Hertz, 1979; Nichand Saggau, 1999a , 1999b . It was also noticed that the ols and Attwell, 1990; Bergles and Jahr, 1997), here, success probability of uIPSCs in a pair was not constant we demonstrate that glutamate released by basal or but oscillating, implying that the KAR-mediated modulastimulated glutamatergic activities can diffuse to and tion might change along with basal glutamatergic activiactivate presynaptic KARs on nearby GABAergic termities. In this study, we observed that basal glutamate nals. Thus, extracellular glutamate plays a physiological differentially modulated high-and low-P s GABAergic synapses. There are two possible mechanisms underlyrole in regulating inhibitory inputs to pyramidal neurons. ing this different modulation. The first is that a high-P s induced increase in the P s of the second uIPSCs in 0.5 synapse is closer to a glutamatergic terminal than a lowmM Ca 2ϩ ( Figure 8B , PPF, 0.5 Ca, 2) supported that P s synapse (Milner and Veznedaroglu, 1992 ; Commons facilitation of the P r caused by an increase in terminal and Milner, 1996) , and local glutamate levels around this Ca 2ϩ transient could be significantly reduced by 0.5 mM high-P s synapse are higher than those around low-P s Ca
2ϩ
. The results that 8 mM Ca 2ϩ also reduced the modusynapses. The second is that presynaptic terminals of lation suggest that there is a Ca 2 concentration range high-P s GABAergic synapses have KARs with higher (around physiological concentration) in which the KARaffinity than those of low-P s synapses. The results that mediated modulation is maximal, and either higher or weaker fiber stimulation was required to induce the relower calcium far from this concentration range will response at 34ЊC than that at room temperature ( 8C and 8D ). More expericategories of synapses (high-and low-P s ), and suggest ments are needed to determine the detailed mechanism that GABAergic transmission at high-P s synapses would by which these KAR receptor/channels facilitate APdecrease by almost a half without glutamate modulation.
driven GABAergic release.
The glutamate modulation plays a physiological function
In this study, we demonstrated that basal glutamate, in local circuits, and inhibitory synapses will decrease stimulation of the stratum radiatum, or low concentrathe working efficacy when excitatory inputs decrease.
tions of the KAR agonist increase the efficacy of GABAHowever, ambient glutamate is not the only contributor ergic synapses by activating presynaptic KARs. The for the two categories because in the presence of CNQX, KAR-mediated potentiation of inhibitory transmission some pairs (5 of 12) still showed a relatively high P s may function as a negative feedback control in local (0.7-0.9), suggesting that other factors such as intrinsic circuits. An increase in excitatory inputs onto a pyramiproperties also contribute to the P r of synapses. The dal neuron causes more glutamate diffusing to nearby KAR agonists have also been found to depress eIPSCs GABAergic synapses, which in turn increases inhibitory in hippocampal CA1 pyramidal neurons (Rodriguezinputs that counteract the increased excitatory inputs Moreno et al., 1997; Clarke et al., 1997). However, a high and protect the pyramidal neuron from overexcitation. concentration of the KAR agonist was required to induce Thus, extrasynaptic glutamate functions as an intermethis depression in high-P s pairs (Figures 2C and 2D) . Our diary to maintain the balance between excitatory and results suggest that low concentrations of glutamate inhibitory systems. increase the synaptic efficacy of GABAergic synapses at both high-and low-P s GABAergic synapses, whereas 
